Despite the use of polysaccharide conjugate vaccines (PCVs), *Streptococcus pneumoniae* remains the leading cause of bacterial pediatric meningitis after the neonatal period.^[@R1]--[@R4]^ Bacterial meningitis is difficult to treat, has a high case fatality rate and generally leaves patients with long-term sequelae.^[@R5]^ The successful introduction of PCV7 followed by PCV13 in national immunization programs resulted in a sharp decrease in rates of invasive pneumococcal disease (IPD), both through protection against disease caused by serotypes present in the vaccines and through herd immunity against those serotypes.^[@R6]^ However, recent reports have consistently shown that the rates of pediatric and adult pneumococcal meningitis have either remained stable or increased, mainly due to the increase in carriage and subsequent meningitis caused by nonvaccine type (NVT) strains.^[@R2]--[@R4],[@R7]--[@R11]^ The capsule types of meningitis strains now are more representative of present carriage types than PCV types.^[@R6]^ Here we discuss the evidence for serotype replacement in meningitis and possible limitations and alternatives to the current pneumococcal vaccine.^[@R12]^

SEARCH STRATEGY AND SELECTION CRITERIA
======================================

References for this review were identified through searches of PubMed for articles published from January 1930 to the present by use of the terms "*Streptococcus pneumoniae*," "meningitis," "PCV," "serotype replacement," "capsule type," "capsule dependent disease" and "nasopharynx to brain transmission." Relevant articles were also identified through searches in Google and Google Scholar. Articles resulting from these searches and relevant references cited in those articles were also reviewed. Only articles written in English were included.

CHANGING EPIDEMIOLOGY OF PNEUMOCOCCAL MENINGITIS
================================================

The introduction of PCVs has led to a changing epidemiology of pneumococcal serotypes with a virtually complete replacement of PCV types in carriage and an incomplete replacement in invasive disease.^[@R13]--[@R15]^ Several studies have shown the impact of PCVs on serotype replacement. A Swedish study showed that before the introduction of PCV7 and PCV13, 38% and 18% of carriage isolates were non-PCV7 and non-PCV13 types, respectively, but after the introduction of the vaccines, the respective values were 95% and 89%.^[@R16]^ The primary emergent strains in IPD were serotypes 22F, 23A, 11A and 35F, and the distribution of serotypes in IPD reflected those in carriage.^[@R16]^ A recent South African study showed that children extensively immunized with PCV13 still carry PCV13 type strains as well as NVT strains.^[@R17]^ The most frequently carried PCV13 type strains were 19F, 9V, 19A and 6A (accounting for 22% of all isolates), while the most common NVT isolates were 15B/C, 21, 10A, 16F, 35B, 9N and 15A, which include some of the most frequently carried serotypes globally, post-PCV13 use.^[@R17],[@R18]^ A large systematic review examining serotype replacement in IPD worldwide has shown that non-PCV13 serotypes were responsible for 42.2% (95% confidence interval: 36.1 ± 49.5%) of IPD in children.^[@R19]^ However, there were notable regional differences, with the highest serotype replacement rates reported from the European region (71.9%) and North America (57.8%).^[@R19]^

Effects of PCVs on Pediatric Meningitis Rates and Types
-------------------------------------------------------

Meningitis is classified within the broader category of IPD. Distinct changes in serotypes causing meningitis, both in children and adults, have been reported worldwide, with annual disease rates as high as 13/100,000 for children 1--59 months of age^[@R20]^ caused mainly by NVT emergent strains. Moreover, although the PCVs have led to a 35.4% reduction in cases of pneumococcal pneumonia, the reduction in meningitis cases is only 18.5% worldwide.^[@R20],[@R21]^ Although all the contributors to strain replacement are not known, the open colonization niche as a result of PCV vaccination is thought to be critical, while prevaccine carriage of some of the replacement serotypes in children and antibiotic use may all play a role.^[@R22]^

An early analysis of IPD trends following PCV13 introduction in the United States, carried out using data from 8 hospitals between 2009 and 2011, showed that although there was a decline in IPD cases including bacteremia, pneumonia and mastoiditis, there was hardly a decline in meningitis cases.^[@R11]^ A smaller scale study from Alabama following PCV introduction showed that nearly 40% of IPD among children in the state was caused by non-PCV13 type strains and that meningitis was more strongly associated with NVT strains than other IPDs.^[@R23]^ Studies from France have shown a pronounced increase in meningitis mainly caused by NVT strains.^[@R2],[@R7],[@R24]^ Alexandre et al^[@R2]^ showed that in France, there was a 6.5-fold increase in pneumococcal meningitis cases in children \<2 years of age between 2005 and 2008, of which 82% was caused by non-PCV7 serotypes in 2008. Levy et al^[@R24]^ analyzed large-scale French surveillance data showing that during the study period, there was a decline in PCV13 type pediatric meningitis cases, but NVT case rates remained stable. Of the meningitis cases, 67.6% of cases were caused by NVT strains, mainly 12F, 24F, 22F and 15B/C.^[@R24]^ Similar results were reported by Olarte et al^[@R25]^ on the impact of PCV13 on pediatric meningitis among US children, showing a 50% increase in pediatric meningitis cases in the post-PCV13 period. The most common serotypes isolated were 19A, 22F and 35B, with 73% of isolates being non-PCV13 serotypes.^[@R25]^

A recent time-series analysis from France examined the incidence of pediatric meningitis over a 16-year period.^[@R7]^ The results showed a decline in the monthly incidence of pediatric meningitis from 0.12/100,000 in the pre-PCV13 period to 0.07 in 2014. However, a strong rebound in monthly meningitis rates was seen in the 2015--2016 period to 0.13/100,000, driven mainly by the emergence of serotype 24F (18% in the early PCV13 period and 74% in late PCV13 period).^[@R7]^ Ben-Shimol et al^[@R8]^ also found similar increases in NVT cases of IPD among Israeli children, with a 3.6-fold increase in rates of NVT cases of meningitis, driven largely by the emergent type 12F strain, but also by types 27, 15B/C, 33F and 24F.

In Brazil, the distribution of pneumococcal serotypes was studied before and 5 years after the introduction of PCV10. Here too a shift in serotypes toward NVT was noted with increasing number of meningitis cases attributed to serotypes 3, 6A, 6C and 19A.^[@R26]^ A study from Burkina Faso, which is in the meningitis belt, showed that PCV13 led to reductions in vaccine type disease except that caused by serotype 1, which did not show a decline. For children \<1 year of age, the main reported serotypes causing meningitis were 12F/12A/12B/44/46 (17%), 1 (12%) and 5 (10%).^[@R27]^ The emergence of a range of different serotypes in different countries shows that there is no 1 or 2 NVTs that predominantly cause meningitis globally (Fig. [1](#F1){ref-type="fig"}A). From the small group of 7 post-PCV studies examined here, there were a total of 34 different non-PCV capsular types that caused meningitis (Fig. [1](#F1){ref-type="fig"}B). Three non-PCV types (10A, 12F and 15B/C) were reported in the top 50% of meningitis types in 5 or more of the 7 studies. Sixteen types caused meningitis in 2--6 studies, and 15 types were reported in only 1 or 2 studies. This capsule diversity makes adding enough new conjugates to PCVs to cover meningitis problematic.^[@R28]^ Adding the 3 most common meningitis capsular types to the PCV vaccine might be possible but would likely just open the niche for expansion of other non-PCV types that can also cause meningitis.

![Pneumococcal meningitis has been reported to be caused by 35 capsular types not covered by PCV13, and one non-typable strain of pneumococci. These strains comprise 23 different capsular types/groups. A: Worldwide distribution of pediatric meningitis strains. Each continent is represented by data from one country except the European region where data from England/Wales and France are shown. The strains are listed according to those causing most to least meningitis post-PCV13 introduction. Because there were no published data from Australia, data from the Australian IPD Surveillance dataset were analyzed by enumerating the number of cases of pediatric meningitis caused by each serotype for the years 2012--2017 (post-PCV13 period). There were no data available from Japan that listed strains causing pediatric meningitis in children post-PCV13; hence, the data shown represent strains from the pre-PCV period that caused meningitis in Japan. Data from France, United Kingdom and Israel only provided information for non-PCV type strains. North America (United States), Africa (Burkina Faso) and Australia show both VT and NVT strains causing meningitis after the introduction of PCV13, while that from South America (Brazil) show both VT and NVT strains post-PCV10 introduction. Bolded strains represent NVT strains, while nonbolded strains are VT strains. The choice of these representative studies was based on study size and recent data. B: PCV type and non-PCV type strains that are reported to cause meningitis in the PCV era. In this figure, PCV7 and PCV13 strains are shown in green and purple circles, respectively. The brown circle shows non-PCV type strains reported to cause meningitis. The overlapping regions of the circles represent PCV type strains that have been reported to cause some meningitis post-PCV use. The serotype data shown here come from Figure [1](#F1){ref-type="fig"}A except that the data from Japan were excluded as that study reported only on serotypes causing meningitis in the pre-PCV era. NT represents pneumococci of unknown capsular type. VT indicates vaccine type.](inf-39-298-g001){#F1}

Effect of PCV Vaccination of Children on Meningitis Rates in Adults
-------------------------------------------------------------------

The changing epidemiology and the rising rates of pediatric meningitis are part of an overall picture of increasing number of pneumococcal meningitis cases. Although a large number of studies examine the impact of PCVs on the rate of pediatric meningitis, studies on meningitis rates in adults' post-PCVs are rare. A 2015 study from Israel reporting on the herd immunity effect of PCV vaccination on adult meningitis showed an increased incidence and proportion of pneumococcal meningitis among all adult IPD post-PCV.^[@R9]^ A more recent study from the same group showed that although there was a 70% decline in vaccine type meningitis among Israeli adults, the overall incidence increased due to a significant increase in adult meningitis caused by the emergence of NVT strains, particularly serotypes 23A and 23B, among others (24F, 15B/C and 6C).^[@R4]^ This provides evidence of large-scale strain replacement in adult meningitis, which has become a cause for concern. A study by Alari et al^[@R29]^ in France showed that for adults over 64 years of age, meningitis episodes caused by NVT strains were mainly due to serotypes 6C (10%), 23B (9%) and 24F (6%) in the years 2012--2014. A study from Utah in the United States has shown that 47% of meningitis cases were due to NVT strains compared with 18% for other IPD.^[@R10]^ Another large study using data collected from 8 sites in the United States between 1998 and 2005 showed that there was a 68.1% increase in NVT meningitis for the 40- to 64-year age group.^[@R3]^ This examination of the changing epidemiology of pneumococcal meningitis in both children and adults emphasizes the need to develop novel strategies to address serotype replacement in disease.

EVIDENCE OF DIRECT INVASION OF THE CENTRAL NERVOUS SYSTEM THROUGH THE NASOPHARYNX
=================================================================================

Because meningitis appears to be readily caused by non-PCV strains whose capsule types (Fig [1](#F1){ref-type="fig"}B, lower circle) do not allow them to commonly cause bacteremia and sepsis in humans, it seems likely that they may be reaching the brain through a nonhematogenous route (Fig. [2](#F2){ref-type="fig"}). Indeed, several studies have supported the expectation that pneumococcal meningitis can be caused by a nonhematogenous route of infection, whereby the bacteria can travel directly from the nasopharynx or from ear infections to the brain.^[@R30]^

![Model to explain our view of how pneumococcal meningitis largely escapes protection by PCV immunization. A: The dotted red arrows follow PCV capsule type strains from acquisition to their disease manifestations. They colonize the upper airway and can spread in some cases to the middle ear where they cause otitis media. From the upper airway, they can spread to the lung to cause pneumonia, which in some cases leads to detectable bacteremia and serious sepsis. In infants, they can also cause bacteremia without a primary focus of infection. The classic view has been that meningitis is the result of blood--brain transmission. This view is likely to be true in many/most cases for meningitis caused by PCV type strains because they are able to invade the blood. B: The non-PCV strains (solid red arrows) appear to be less likely to cause bacteremia, sepsis and complicated pneumonia than are the PCV strains. This finding is consistent with the view that these capsular structures are not compatible with survival in the blood. However, the non-PCV type strains are still able to cause pneumococcal pneumonia. The relative inability of these strains to cause bacteremia and sepsis even although they cause most of the meningitis in PCV immune populations strongly suggest that they reach the brain through a nonhematogenous route. In the text, we have summarized data from humans and animals supporting a route of invasion of the CNS that follows olfactory and auditory nerves into the brain. If non-PCV strains can reach the brain through a nonhematogenous route, then it would seem likely that pneumococci of many of the PCV capsular types could probably also reach the brain in this manner. CNS indicates central nervous system.](inf-39-298-g002){#F2}

Clinical studies of bacterial meningitis in humans have shown that there are a significant number of cases where bacteria were isolated from the cerebrospinal fluid of patients but not from blood.^[@R31]--[@R33]^ One study of Kenyan children presenting with impaired consciousness found that there were 10 cases of positive cerebrospinal fluid cultures with concomitant negative blood cultures, of which *S. pneumoniae* was the causative agent in 5.^[@R31]^ Several studies have shown that 15%--55% of neonates presenting with culture-confirmed meningitis had negative blood cultures.^[@R12],[@R33]--[@R39]^ A study using retrospective data, from neonatal patients, further supported this finding by showing that 38% of culture-confirmed cases of bacterial meningitis had negative blood cultures.^[@R32]^ While antibiotic use could in some cases explain the lack of organisms in the blood, the evidence from animal experimental models indicates that pneumococci can travel directly to the brain using a nonhematogenous route.

Rake^[@R40]^ was the first to show that pneumococci could travel directly to the brain from the nasopharynx via the olfactory mucosa, thus skipping the well-established hematogenous route. Later studies confirmed this finding when van Ginkel et al^[@R41]^ showed that initial nasopharyngeal infection was followed by isolation of high number of bacteria from olfactory epithelium, brain, olfactory bulbs and trigeminal ganglia in the absence of bacteremia. A later study used in vivo imaging to show that pneumococci are able to directly localize to the olfactory bulb and the brain, in the absence of detectable bacteremia.^[@R42]^ Marra and Brigham^[@R43]^ were able to show, using a mutant of *S. pneumoniae* that is unable to survive in blood, that bacteria were able to directly disseminate to the brain from the lungs or the ears, in the absence of bacteremia. One of the proposed mechanisms by which pneumococci are able to invade the brain is through the olfactory ensheathing cells.^[@R44],[@R45]^ Macedo-Ramos et al^[@R44]^ showed that pneumococci are able to suppress the immune function of olfactory ensheathing cells thus helping them evade the immune system and travel directly to the brain. Furthermore, it was shown that infection with *S. pneumoniae* potentially activated neurotropic factors that interfered with the activation of microglia, thereby allowing invasion of the central nervous system in the absence of bacteremia.^[@R45]^

Given the evidence that meningitis likely requires prior colonization of the nasopharynx, a vaccine that eradicates carriage may be able to largely prevent pneumococcal meningitis.

STRATEGIES TO PREVENT PNEUMOCOCCAL MENINGITIS
=============================================

Much of the pneumococcal meningitis that occurred post-PCVs was caused by capsular types, which could colonize, but generally failed to cause as much bacteremia, sepsis and complicated pneumonia as had the PCV strains in the past. Hence, the most effective strategy to significantly reduce rates of pneumococcal meningitis would be to greatly reduce carriage. There may be several ways to reduce or eliminate carriage. Because PCV use led to almost complete elimination of carriage by vaccine types, one possibility may be to continue to increase the number of capsular types in the conjugate vaccine until all types that can colonize and cause meningitis are covered. The problem with this approach is that because there are \>98 different capsular types,^[@R46]^ it might become too cumbersome and expensive to include the majority of them in a vaccine. Moreover, present studies already reveal that as the number of polysaccharide antigens has increased, the antibody responses to each appear to decrease.^[@R47]--[@R49]^

Another option, which has been widely proposed, may be to include broadly cross-reactive pneumococcal proteins in a vaccine to reduce rates of carriage. Proteins such as pneumococcal surface adhesin A, pneumococcal surface protein A, pneumococcal surface protein C, neuraminidase A, immunoglobulin A1 protease and possibly pneumolysin^[@R50]^ (Fig. [3](#F3){ref-type="fig"}), all play roles in colonization in animals. Immunization with pneumococcal surface protein C, pneumococcal surface adhesin A, neuraminidase A, pneumococcal surface protein A, the pneumococcal histidine triad family of proteins, polyamine transport protein D and/or pneumococcal protective protein A are all effective against carriage in animal models.^[@R52],[@R53]^ Furthermore, it has been shown that naturally acquired immunity to pneumococci in humans is to pneumococcal surface proteins rather than to capsular antigens.^[@R54]^ Hence, the above-mentioned protein antigens and other potentially broadly cross-protective antigens might be used singly or in combination for an optimally effective vaccine against pneumococcal carriage and meningitis. Some worry that elimination of pneumococcal carriage might affect the respiratory biome in deleterious ways.^[@R55]^ This seems unlikely to be a problem, since at least in developed countries, most citizens carry pneumococci only a minority of the time^[@R56],[@R57]^ without harmful consequences. In animals, the strongest protection against carriage is elicited by mucosal immunization of the upper airway.^[@R58]^ The need to eliminate carriage might be avoided if an immunogenic pneumococcal molecule is identified that is essential for their transport by nerves.

![Model of the pneumococcal surface showing surface proteins that are being investigated as vaccine candidates. All of the molecules shown in color are proteins that have been reported to elicit protection against colonization. Pneumolysin has been reported in some cases to play a role in colonization, but its ability to elicit protection against colonization in not clear. Figure modified from Briles et al.^[@R51]^ NanA indicates neuraminidase A; CbpA, choline binding protein A; PcpA, pneumococcal choline binding protein A; Pht, pneumococcal histidine triad; PotD, polyamine transport protein D; pppA, pneumococcal protective protein A; PsaA, pneumococcal surface adhesin A; PspA, pneumococcal surface protein A; PspC, pneumococcal surface protein C.](inf-39-298-g003){#F3}

Because PCVs are already available, human trials of the new vaccines would need to include the PCV with or without the protein antigen(s). Because efficacy testing could initially use as its endpoint, carriage of NVT strains, the initial trials could be relatively small. Eventually, tests to look at protection against a meningitis endpoint would be important but might be possible postlicensure if all individuals received PCV. Another strategy could be to vaccinate with the whole-cell vaccine, which has been shown to reduce rates of carriage in animals.^[@R53],[@R59]^ However, concerns about injecting the whole organism coupled with a preference for purified products have slowed down its clinical development, although this would be an inexpensive strategy to save millions of lives worldwide. The multiple antigen vaccine which is prepared from pneumococcal lysates enriched for protein antigens and heat shock proteins has shown protection against pneumonia and sepsis in mouse models of infection. This vaccine strategy should be further tested for protection against carriage and ultimately meningitis.^[@R60]^

Other options include prophylactic use of antibiotics that eliminate all carriage of pneumococci or the identification of competitive flora that would take over the niche occupied by pneumococci in the human nasopharynx and eliminate pneumococcal carriage.^[@R61]^ These last 2 options, while promising, may have unintended consequences. For instance, the prophylactic use of antibiotics would likely lead to acquisition of antibiotic resistance in multiple common pathogens and could lead to problems with the microbiome. Despite these concerns, there is a need to investigate alternative strategies, given the known morbidity and mortality caused by pneumococcal meningitis. To assist the development of such protocols, it will be important to have epidemiologic studies of rates of colonization and meningitis with each capsular type in the same well-defined population, to identify which colonization types most efficiently cause meningitis.

CONCLUSIONS
===========

Pneumococcal meningitis continues to cause morbidity and mortality among children and adults despite widespread use of PCVs in several countries around the globe. In those countries, pneumococcal meningitis is caused by non-PCV type strains that have occupied the niche created by the almost complete elimination of PCV type strains in the human nasopharynx. Because the PCVs result in a major reduction in bacteremia, sepsis and complicated pneumonia, it is unlikely that the non-PCV type strains can generally survive well in the blood and therefore probably enter the brain through nonhematogenous routes. The high serotype diversity of these new replacement strains makes it problematic to expand the PCVs with enough capsular types to stem strain replacement and prevent the majority of pneumococcal meningitis. One way to prevent pneumococcal meningitis is to completely eradicate pneumococcal colonization. This might be best done with a vaccine that targets the important pneumococcal virulence factors essential for colonization.
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